MicroRNas (miRNas) are post-transcriptional regulators of gene expression. since the discovery of lin-4, the founding member of the miRNa family, over 360 miRNas have been identified for Caenorhabditis elegans (C. elegans). Prediction and validation of targets are essential for elucidation of regulatory functions of these miRNas. For C. elegans, crosslinking immunoprecipitation (cLIP) has been successfully performed for the identification of target mRNa sequences bound by argonaute protein aLG-1. In addition, reliable annotation of the 3′ untranslated regions (3′ UTRs) as well as developmental stage-specific expression profiles for both miRNas and 3′ UTR isoforms are available. By utilizing these data, we developed statistical models and bioinformatics tools for both transcriptome-scale and developmental stage-specific predictions of miRNa binding sites in C. elegans 3′ UTRs. In performance evaluation via cross validation on the aLG-1 cLIP data, the models were found to offer major improvements over established algorithms for predicting both seed sites and seedless sites. In particular, our top-ranked predictions have a substantially higher true positive rate, suggesting a much higher likelihood of positive experimental validation. a gene ontology analysis of stage-specific predictions suggests that miRNas are involved in dynamic regulation of biological functions during C. elegans development. In particular, miRNas preferentially target genes related to development, cell cycle, trafficking, and cell signaling processes. a database for both transcriptome-scale and stage-specific predictions and software for implementing the prediction models are available through the sfold web server at http://sfold.wadsworth.org.
Introduction
In animals and plants, microRNAs (miRNAs) are an abundant class of small endogenous non-coding RNAs (ncRNAs) of ~22 nucleotides (nts) in length. Since the discovery of the first miRNA lin-4 in Caenorhabditis elegans by the Ambros lab, 1 tens of thousands of miRNAs have been identified and annotated in miRBase.
2 miRNAs are post-transcriptional regulators of diverse developmental and physiological processes. For target recognition and regulation in animals, miRNAs guide the RNA-induced silencing complex (RISC) by binding to partially complementary sequences typically in the 3′ untranslated regions (3′ UTRs) of the mRNAs, leading to translational repression and/or mRNA destabilization. 3 Identification of the targets for miRNAs is essential for understanding their regulatory functions. Genetic studies have identified numerous targets for some worm miRNAs; however, the regulatory functions for the majority of worm miRNAs are not yet understood. Computational predictions can be helpful for target elucidation. Most of the prediction algorithms have incorporated the seed rule, i.e., the target site within 3′ UTR forms Watson-Crick (WC) pairs with bases at positions 2 through 7 or 8 of the 5′ end of the miRNA. 4 However, exceptions to the seed rule have been reported by both C. elegans and mammalian studies. [5] [6] [7] [8] [9] [10] [11] [12] Other proposed sequence features for enhancing targeting specificity include sequence conservation, strong base-pairing to the 3′ end of the miRNA, local AU content, and location of miRNA binding sites (near either end of the 3′ UTR is favorable). 13 Furthermore, the importance of target structural accessibility for miRNA target recognition has also been demonstrated by several independent studies. [14] [15] [16] [17] [18] In recent years, experimental target identification methods based on crosslinking immunoprecipitation (CLIP) and highthroughput sequencing have been reported for mammalian systems and C. elegans. [19] [20] [21] CLIP methods involve UV irradiation for covalently crosslinking miRNA targets to the Argonaute (AGO) proteins, the catalytic components of the RISC complex. The crosslinked RNAs are treated by partial RNase digestion. The shortened RNAs are amplified by RT-PCR and then sequenced for the identification of AGO crosslinked sequences that contain miRNA binding sites. For C. elegans, CLIP-derived clusters (CDCs) of ~100 nts were identified for target binding sites of ALG-1, the AGO protein mainly responsible for miRNA function in worm. Importantly, the CLIP experiment was also performed for alg-1 genetic mutants so that the background noise in CDCs for wild-type worms could be removed. The CLIP technique not only provides high-resolution data with respect to the precise locations of the binding sites, but also is powerful for revealing the presence of "seedless" sites (non-canonical sites). In addition to data from ALG-1 CLIP, improved annotation has been established for C. elegans 3′ UTR isoforms expressed during different developmental stages, i.e., embryonic, L1, L2, L3, L4, adult hermaphrodite, and male. 22, 23 Moreover, developmental stage-specific expression profile of worm miRNAs has become available. 24 In this work, we performed a comprehensive enrichment analysis of target site features for both seed and seedless sites identified from ALG-1 CDCs. We used enriched miRNA binding site features for the development of logistic models for prediction of miRNA binding sites. We assessed accuracy of predictions by cross validation and compared the performance with established algorithms. We used the models to make transcriptome-scale and developmental stage-specific predictions of miRNA binding sites in C. elegans. We performed a gene ontology (GO) analysis for stage-specific predictions to examine biological functions that are regulated by miRNAs during C. elegans development. For dissemination of the results, we have developed both database and software tools that are freely available to the scientific community.
Results

Identification of enriched target site features
For each of the sequence, thermodynamic, and target structure features (Table 1) , we performed enrichment analysis to identify features enriched in ALG-1 CDCs. Among the seed sites, 14 355 (11%) are within CDCs and referred to as the IP+ seed sites, the other 112 589 (89%) are referred to as the IP-seed sites, indicating that seed alone is a poor predictor with high false-positive rate. Features enriched for IP+ seed sites include site accessibility (Fig. 1A) , upstream accessibility (window size of 10 nt, Fig. 1B ), 6mer and 8mer seed (Fig. 1C) , site conservation and seed conservation (Fig. 1D) , seed accessibility, ΔG nucl , and ΔG hybrid . Among the seedless sites, 461 798 are in the IP+ set (within CDCs) and 3 820 416 are in the IP-set (outside CDCs). The enriched features for IP+ seedless sites include site accessibility (Fig. 1E) , site conservation (Fig. 1F) , upstream accessibility (10 nt), downstream accessibility (10 nt), 3′ base-pairing, ΔG nucl , and ΔG hybrid . These enriched features were used for the development of our logistic prediction models.
miRNA binding site prediction and performance evaluation For performance evaluation, we constructed a receiver operator characteristic (ROC) curve for plotting the true positive rate (TPR = sensitivity) against the false positive rate (FPR = 1-specificity) by varying the threshold of a prediction score, e.g., logistic probability of our model, context score of TargetScan, 27 energy score of miRanda, 28 or PITA. 16 The Youden's J statistic 29 computed by (TPR−FPR) was used as the overall measure of performance. For seed sites in the 3′ UTRs, we compared our predictions with TargetScan, miRanda, and PITA. At a comparable FPR level, our logistic model has a substantially higher TPR than TargetScan, miRanda, and PITA ( Fig. 2A) . For a logistic probability threshold of 0.5, the improvement by the logistic model on Youden's J statistic is about 0.15 over PITA, 0.19 over miRanda, and 0.20 over TargetScan (Fig. 2B) . Among the three established algorithms, TargetScan is the worst performer. This is because TargetScan is primarily based on the predictions of 7mer and 8mer seed sites, and only 8mer is marginally enriched in the IP+ set (Fig. 1C) .
For seedless site prediction, we only compared our model with PITA and miRanda, as TargetScan does not predict seedless sites. The predictions are similar to seed site predictions in the trends of receiver operating characteristic (ROC) curves and the Youden's J statistic, with a higher degree of improvement ( Fig. 2C and D) . In particular, for the class of seedless sites with one G•U pair or one mismatch in the seed complementary region, our logistic model was also found to have major improvement over PITA and miRanda ( Fig. 2E and F) .
Since top-ranked predictions are of high interest for experimental validation, we compared the true positive rates of topranked predictions (top 1% to 50%) by our logistic models, 13, 27 Thermodynamic and target structure (1) ΔG hybrid ; (2) ΔG nucl ; (3) ΔG total ; (4) seed accessibility; (5) site accessibility; (6) Upstream accessibility; (7) Downstream accessibility (1) ΔG hybrid is the measure of stability for miRNa:target hybrid as computed by RNahybrid; 26 (2) ΔG nucl measures the potential of nucleation for miRNa-target hybridization;
18,36 (3) ΔG total measures the total energy change of the hybridization; 17 (4-7) structural accessibility is evaluated by a probabilistic measure of single-strandedness for a block of nucleotides and is computed by using structures predicted by sfold 39, 40 for the binding site, complementary seed region within the binding site, and for the block upstream or downstream of the binding site Conservation (1) site conservation score; (2) seed/off-seed conservation score
The conservation score by the Phastcons program 25 through multiple-sequence alignments of five other nematode genomes to the C. elegans genome (ce6) was used to measure conservation for a binding site, and the complementary seed and off-seed region within the binding site *The details of feature computation can be found in reference 34. TargetScan, PITA, and miRanda. For a given set of predicted top-ranked sites, the true positive rate is computed by the number of true positive sites (residing in ALG-1 CDCs) divided by the total number of the top-ranked sites. For seed sites in the 3′ UTRs, our logistic model was found to have a substantially higher true positive rate than PITA, miRanda, and TargetScan, especially for highly ranked predictions (Fig. 3A) . E.g., for top 2% predictions, the true positive rate of the logistic model is about 7% higher than PITA, 9% higher than miRanda, and 11% higher than TargetScan. For either all seedless sites or the class of seedless sites with one G•U pair or one mismatch in the seed complementary region, we also observed substantial improvements by our logistic model over PITA and miRanda ( Fig. 3B and C) .
Transcriptome-scale and stage-specific predictions We applied our logistic models to transcriptome-scale predictions of miRNA binding sites in C. elegans. This included 368 miRNAs in miRBase Release 19 2 and 24 503 3′ UTR isoforms. 22 We predicted 429 072 seed sites and 14 921 597 seedless sites. Each of these sites either resides within a CDC or has a logistic probability above 0.5. The miRNAs and the 3′ UTR isoforms are expressed in different developmental stages, i.e., embryonic, L1, L2, L3, L4, adult hermaphrodite, and male. Accordingly, we further processed transcriptome-scale predictions for stagespecific predictions by collecting predicted sites for co-expressed miRNA:3′ UTR pairs in each of the seven stages.
Stage-specific patterns of miRNA:target interactions during development
We next investigated the stage-specific patterns of miRNA:target interactions during C. elegans development. We first defined a positive miRNA:target interaction if the miRNA:target pair has at least one seed site with a logistic probability above 0.5, or one seedless site with a probability above 0.6. From all of positive miRNA:target interactions for each developmental stage, we assembled the set of the targeted genes and the set of their regulating miRNAs. For a more stringent definition of a positive interaction, we also used a probability of above 0.6 for a seed site and above 0.7 for a seedless site. For either definition, every abundant miRNA for each of the seven stages has at least one target. Among all of the 119 miRNAs expressed in at least one stage, 84 (~70.6%) are shared by all the seven stages, which is consistent with the previous observation that most miRNAs are present at steady-state levels during C. elegans development. 30 For probabilities of 0.5 and 0.6, we identified 4583, 3895, 4540, 4143, 4330, 2086, and 3741 target genes for embryonic, L1, L2, L3, L4, adult hermaphrodite, and male stages, respectively. Among 7745 genes targeted by miRNAs in at least one stage, 1062 (~13.7%) are shared by all seven stages. For probabilities of 0.6 and 0.7, we identified 2736, 2379, 2869, 2577, 2625, 1205, and 2133 target genes for embryonic, L1, L2, L3, L4, adult hermaphrodite, and male stages, respectively. Among 4633 genes targeted by miRNAs in at least one stage, 644 (~13.9%) are of sites/seed/off-seed regions with conservation scores greater than or equal to a pre-specified threshold (X-axis), in the IP+ seed set or the IP-seed set (dashed line corresponding to a threshold of 0.57 previously used for defining conservation 25, 41 ); (E) site accessibility for seedless sites; (F) percentage (Y-axis) of seedless sites with conservation scores greater than or equal to a pre-specified threshold (X-axis), in the IP+ set or the IP-set.
shared by all seven stages. The high number of common targets is consistent with the previous observation that many miRNA targets seem to be stably and continuously regulated during C. elegans development. 31 For each stage, using the common targets, we identified the set of remaining targets that were not shared by all seven stages.
To explore functional themes among the common target genes and the remaining target gene sets, we searched for enriched GO annotations, focusing on GO terms with P value (by hypergeometric distribution) under 0.01 and percentage (number of genes associated with the GO term divided by total number of genes of interest) above 0.01 (Tables S1 and S2). E and F) . The color-matched dots on ROc curves correspond to a logistic probability threshold of 0.5. The rectangle, triangle and square correspond to the best-performing score threshold (according to Youden's J statistic) for Targetscan, PITa and miRanda, respectively.
Analysis of targets common to all seven stages
For the two definitions of positive interactions, the enriched GO terms for the common target gene set are highly overlapped so that the key findings are the same as summarized below. For biological processes, the most enriched GO terms are related to development, cell cycle, or trafficking, e.g., nematode larval development, embryonic development ending in birth or egg hatching, growth, positive regulation of growth rate, body morphogenesis, locomotion, and positive regulation of locomotion. For molecular functions, the most enriched GO terms are related to protein-nucleic acid and protein-protein interactions in cell signaling processes, e.g., structural constituent of ribosome, nucleotide binding, GTPase activity, and ATP binding. This is consistent with a previous conclusion that miRNAs preferentially target genes involved in signaling processes during C. elegans development. 31 For cellular components, the most enriched GO terms are related to cytopoiesis and protein synthesis, e.g., cytoplasm, intracellular, ribosome, and ribonucleoprotein complex.
Analysis of remaining targets for each of seven stages
For the two definitions of positive interactions, the enriched GO terms for the remaining target set for each of the seven stages are largely overlapped such that we have the same conclusions below. For the remaining target gene sets, temporal pattern transition of miRNA:target interactions is evident from the enriched GO terms of each stage (Tables S1 and S2), further supporting that the miRNA-mediated regulation network is highly dynamic during C. elegans development. 31 Interestingly, the L1 and male stages have substantially fewer enriched GO terms than other stages, and a large portion of these terms are not enriched in the preceding or following stage. This suggests that the embryo to L1, the L1 to L2, and the L4 to male transitions involve substantial changes in miRNA-mediated regulation of gene expression. This conclusion for the embryo to L1 and the L1 to L2 transition is consistent with a previous insight suggested by stage-specific miRNA expression profiles. 31 Although a majority of enriched GO terms are preserved over the L2 to L3, the L3 to L4, and the L4 to adult hermaphrodite transition, a minority of enriched GO terms vary in these transitions, thereby indicating dynamic temporal patterns of miRNA:target interactions during development. The contrast between substantial changes in the L4 to male transition and the relatively minor changes in the L4 to adult hermaphrodite transition indicates that genes related to hermaphrodite genitalia development and sex differentiation are under strong miRNA regulation, e.g., those genes associated with the enriched GO term of negative regulation of vulval development (Table S1 ). Moreover, for the remaining target gene set for each of the seven stages, enriched GO terms are mainly for biological processes and rarely for cellular components (Tables S1 and  S2 ). The GO terms for biological processes are largely related to development, cell cycle, or trafficking, and the GO terms for molecular function are largely related to protein-nucleic acid and protein-protein interactions in cell signaling processes. These observations are the same as the common target gene set. 
Database and software tools
For dissemination of the results, transcriptome-scale and stagespecific predictions are freely available from STarMirDB (http:// sfold.wadsworth.org/starmirDB.php), a web searchable database, with an indicator showing whether a site is supported by the ALG-1 CLIP study. We have also implemented the prediction models into the STarMir module of the Sfold web applications 37 (http://sfold.wadsworth.org/cgi-bin/starmirWeb.pl), allowing users to submit any miRNA and mRNA sequences for prediction of miRNA binding sites by the models. Information for predicted sites includes site features, a logistic probability as a measure of confidence, and a high-resolution diagram of hybrid conformation. As an illustration of the output from a database search, using cel-miR-796 and ncs-2 (or WBGene00003564) as search keywords returns a list of seed sites and seedless sites for miR-796 on different ncs-2 3′ UTR isoforms for various developmental stages (Fig. 4A) . For example, for isoform WBGene00003564_ F10G8.5_ncs-2.a_chrI_10034020_10033271, one 7mer-A1 seed site, and one seedless site have high conservation scores of 0.9658 and 0.9756, and logistic probabilities of 0.67 and 0.76, respectively. The hybrid diagrams for two example sites are shown in Figure 4B and C, where the seed region (nt 2-8) of the miRNA is shown in red color.
Discussion
Among various types of seed sites, mammalian miRNA targeting studies 13, 27, 32, 33 established that 8mer seed is the most effective, followed by 7mer-m8, 7mer-A1, 6mer, and offset 6mer. Our analysis of five mammalian CLIP data sets also supported the effectiveness of 8mer and 7mer seed sites. 34 In contrast, from our enrichment analysis of the worm ALG-1 CLIP data, 6mer was found to be the only substantially enriched seed type (Fig. 1C) . This is a somewhat surprising finding, however, it is consistent with two observations on miRNA:target interactions in C. elegans. For numerous genetically verified targets, e.g., lin-41, RAS, and pha-4 targeted by let-7, 6,9,10 and lin-14 targeted by lin-4, 35 a perfect seed match is absent at the functional sites of interaction. In a study on the interaction between lsy-6 and its target cog-1, it was shown by single nucleotide mutations that G•U base-pairing in the seed region could be well tolerated. The miRNA machinery in C. elegans may be more tolerant of G•U base-pairing and mismatches in the seed region. Furthermore, the number of enriched features and the enrichment signals are generally less than those observed in our mammalian study. These necessitate development of prediction models specific for C. elegans.
Our prediction approach computes a logistic probability as a measure of confidence for predictions. The predicted sites with higher probabilities are expected to have a greater chance for positive experimental validation. In particular, the top-ranked predictions by our approach have higher likelihood to be positive than the top-ranked predictions of the established algorithms (Fig. 3) . Our approach is a successful application of our previous methodology 34 to C. elegans ALG-1 CLIP data, and was shown to provide new models specifically for improved predictions of miRNA binding sites in C. elegans. The ALG-1 CLIP data are mainly for the L4 stage. However, because the miRNA machinery is expected to be the same throughout the C. elegans development, rules on miRNA targeting learned from the L4 stage can be generalized to other stages for binding site predictions. Stage-specific CLIP data would be ideal, however, such data are not available.
Our GO analysis revealed a dynamic stage-dependent pattern of miRNA:target interactions. In addition to significant changes at the embryo to L1 and the L1 to L2 transitions that confirm a previous observation, 31 we observed a significant change at the L4 to male transition and relatively minor changes at the L2 to L3, the L3 to L4, and the L4 to adult hermaphrodite transitions. These further support the previous conclusion that miRNAmediated regulation is stable and continuous via coordinately targeting or avoiding genes involved in certain biological functions during C. elegans development. 31 Furthermore, we observed that genes under strong miRNA regulation during development include those related to biological processes of development, cell cycle, trafficking, and sex differentiation, and those related to molecular functions of protein-nucleic acid and protein-protein interactions in cell signaling processes. The observation on cell signaling processes further supports a previous conclusion. 31 For C. elegans, currently the only available CLIP data set is from the ALG-1 study. 19 Therefore, model testing by other independent C. elegans CLIP data are not yet possible. Nevertheless, the cross validation strategy enables an assessment of the generalizability of our model to other independent data sets. The CLIP technique provides information on miRNA binding sites, but not functional outcomes (e.g., readout from a reporter) due to miRNA binding. Accordingly, our CLIP-derived models are limited to predictions of miRNA binding sites. Extension of the models for predicting functional outcomes will require analysis and modeling of high-throughput functional data.
In conclusion, we have performed a comprehensive enrichment analysis of data from the ALG-1 CLIP study. The findings allowed us to develop new models for the prediction of worm miRNA binding sites. The advantage of our approach is the utilization of recent experimental data for ALG-1 CLIP, 3′ UTR annotation, and stage-specific expression of miRNAs and mRNAs. In performance evaluation via cross validation on the ALG-1 CLIP data, the models were found to offer major improvements over established algorithms. For future studies, independent CLIP data (preferably for multiple C. elegans developmental stages) would allow inter-data set validation. Extensive experimental testing of model predictions would be needed to further assess predictive improvements. Useful information from a CLIP study is limited to abundantly expressed miRNAs and transcripts in the experimental system. Our analysis of ALG-1 CLIP data included 113 abundant miRNAs and 3093 genes in worm. The prediction models enabled transcriptome-scale predictions for 368 miRNAs and 24 503 3′ UTR isoforms, as well as stage-specific predictions for seven C. elegans developmental stages. The stage-specific GO analysis revealed that miRNAs regulate diverse biological functions during C. elegans development. The software and database tools will greatly complement the ALG-1 CLIP data for studies of miRNA regulation in C. elegans.
Materials and Methods
Description and processing of C. elegans CLIP data
The C. elegans CLIP study identified about 4800 CDCs that are unique to the wild-type (WT) worms at the fourth larval stage (L4 stage), in comparison to clusters from ALG-1 genetic mutant worms. 19 These CDCs represent 3093 genes, about 20% of protein-coding genes expressed in L4 stage. Based on the annotation from a previous study 38 and the NCBI map viewer for ce6 genome, we compiled 13 356 3′ UTR isoform sequences (length ≥ 30 nts) for all expressed transcripts in the CLIP experiment. The 113 most abundant miRNAs (sequencing read number ≥ 10) for the WT worms were used in our analysis.
Overview of framework for CLIP data analysis, prediction model training, and testing
For the development of new prediction models specific for worm using the C. elegans ALG-1 CLIP data, we adopted the core methodology that was found to be successful in our recent mammalian study. 34 First, the potential miRNA binding sites were predicted by RNAhybrid program. 26 Those sites residing within an ALG-1 CDC were classified as the IP+ sites, while the remaining sites were categorized as the IP-sites. Second, the site features described in Table 1 were computed for each seed or seedless site. For each feature, the degree of enrichment was measured by the ratio of the odds of occurrence in the IP+ set to that of IP-set. A ratio above one indicates enrichment of the feature, whereas a ratio below one indicates depletion. Enriched features were considered important for miRNA targeting in worm, and were used for the development of prediction models, one for seed sites and one for seedless sites. Third, nonlinear logistic regression was used for model development. The logistic model outputs a probability as a measure of confidence for a predicted site. Finally, the standard 10-fold cross validation strategy was used to test the performance of our prediction models on the ALG-1 CLIP data. According to this strategy, the data set was randomly divided into 10 subsets of equal size. During each of the 10 iterations, one subset was set aside for performance testing of the model trained on the collection of the other nine subsets. This model-trainingtesting process was repeated 10 times, and the mean prediction accuracy is averaged over the 10 iterations. Although currently only one CLIP data set is available for C. elegans, the cross validation strategy enables an assessment of the generalizability of our model to other independent data sets. TargetScan, 27 PITA, 16 and miRanda, 28 which can be run locally with available software, were used for comparison. The computational procedures here are essentially the same as previously used.
34
Transcriptome prediction
We used our models for transcriptome-scale predictions of worm miRNA binding sites. To this end, we included all 368 worm miRNAs in miRBase Release 19, 2 and considered the recently annotated 3′ UTRs. 22 24 For each developmental stage, we assembled stage-specific predictions for co-expressing miRNAs and mRNA isoforms, and performed GO analysis. The GO association file was downloaded from WormBase FTP with version WS190.
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